Purpose] The purpose of this study was to evaluate tissue oxygen utilization and blood flow in patients with chronic respiratory failure (CRF).
INTRODUCTION
It is well known that most patients with interstitial lung disease (ILD) and many with chronic obstructive pulmonary disease (COPD) and pulmonary tuberculosis, experience oxygen desaturation during exercise. There is good evidence that hypoxia is a major contributor to exercise limitation in patients with ILD 1) , and it probably also contributes to exercise limitations in patients with COPD and pulmonary tuberculosis. Also in patients with respiratory failure, work capacity is limited by an impaired pulmonary oxygen transport capacity 2) . Chronic lung disease is a systemic disease with abnormal ventilatory, gas exchange, cardiovascular, skeletal muscle, and metabolic responses 3) . Although, there is a considerable volume of data concerning ventilatory, gas exchange, and central hemodynamic responses to exercise, few studies have examined the responses of skeletal muscles and the peripheral circulation to exercise in these patients.
Information on skeletal muscle function is derived from muscle metabolism and oxygenation measurements. Muscle biopsies during rest periods are often used to assess muscle metabolism [4] [5] [6] [7] , as is magnetic resonance spectroscopy (MRS) during exercise 8, 9) . To assess muscle oxygenation, arterial and venous blood sampling are used [10] [11] [12] [13] . The oxygen consumption of skeletal muscle during exercise has been estimated as the product of muscle blood flow and the arteriovenous oxygen difference. However, this method requires an invasive technique that limits its application to physiological and clinical measurements.
Near infrared spectroscopy (NIRS) is a recent t e c h n i q u e f o r n o n -i n v a s i v e l y a s s e s s i n g oxyhemoglobin (OxyHb), and deoxyhemoglobin (DeoxyHb) of tissue in healthy 14) , patients with peripheral vascular 15) and chronic heart failure 16, 17) . This technique has been used to assess changes in blood volume and the balance between oxygen delivery and consumption in skeletal muscle 18) . We reported that chronic respiratory failure (CRF) patients had lower tissue oxygen saturation during exercise than healthy older ones 19) , and concluded that the difference between the two groups could be explained by the changes in oxygen supply and/or utilization in the exercising muscle. However, whether this is due to insufficient blood flow to the exercising muscle or augmentation of oxygen extraction in patients with CRF has yet to be determined.
Using NIRS and a simple physiological intervention, it is possible to obtain quantitative values of oxygen utilization and blood flow in active muscle. The quantitative NIRS values for the rate of oxygen utilization are calculated by evaluating the rate of decrease in the difference between oxy-and deoxy-Hb (Hbdiff) during arterial occlusion 17, [20] [21] [22] [23] [24] . The rate of forearm blood flow is calculated from NIRS data by evaluating the rate of increase in totalHb during venous occlusion 21, 23, 25) . The object of this study was to evaluate tissue oxygen utilization and localized blood flow individually and to clarify the factors influencing tissue oxygenation in CRF patients.
SUBJECTS AND METHODS

Subjects
Twelve male patients with CRF caused by e m p h y s e m a ( n = 7 ) a n d p o s t -p u l m o n a r y tuberculosis (n = 5) were studied (CRF group). All patients were being treated with long-term oxygen therapy and were in clinically stable conditions. Indication for oxygen therapy was determined by a clinician, and the oxygen flow rate for resting and exertion were adjusted by monitoring pulse oximetry to SpO 2 ≥90%. Patients with peripheral vascular disease, cardiac failure, or active coronary heart disease were excluded. The subject's age, height, and weight (mean ± SD) were 74.4 ± 6.8 yrs, 163.5 ± 8.4 cm and 53.6 ± 9.4 kg, respectively. The CRF group was compared with a group of twelve healthy age-matched volunteers (older group), their age, height, and weight (mean ± SD) were 70.2 ±4.5 yrs, 161.0 ± 8.4 cm, 65.0 ± 11.6 kg, respectively, and another group of thirteen healthy young male subjects (younger group), their age, height, and weight (mean ± SD) were 23.9 ± 1.5 yrs, 171.3 ± 6.4 cm, 65.6 ± 7.4 kg, respectively ( Table 1 ). This research was conducted according to the principles expressed in the Declaration of Helsinki, and the nature and purpose of the study were thoroughly explained to the subjects before they gave theirwritten informed consent to participation.
Methods
The maximum voluntary contraction (MVC) for handgrip strength was assessed on the dominant side, all of the subjects were right-handed, with the elbow flexed at 90°, and the forearm and wrist in a neutral position. At least three exertions were performed and the highest value was taken.
SpO 2 was estimated continuously via pulse oximetry (MicroO 2 , Siemens, Co., Ltd, Germany), and the probe was positioned on the finger of the non-exercise side.
The cardiovascular responses to the handgrip exercise were observed by monitoring heart rate (HR) and blood pressure. Mean blood pressure (MBP) was calculated as follows: diastolic blood pressure + 1/3 × (systolic-diastolic) blood pressure. These parameters were measured by an automated sphygmomanometer (Portapres model-2 TNO-BMI, The Netherlands). This instrument recorded the beatto-beat arterial pressure waveform, using the arterial volume-clamp method, in order to obtain a waveform for the stroke volume (SV) and cardiac output (CO) calculation non-invasively [26] [27] [28] . The cuff of the Portapres was placed on the left forefinger and the subjects were asked to rest the left forearm lightly on a pad fixed on the handle so that the fingers were relaxed. Vertical interval-adjusting system sensors were placed in the fifth intercostal space at the junction of the midclavicular line, and on the cuff. The beat-to-beat SV was continuously calculated using the Modelflow method 29) A continuous-wave near-infrared spectrometer (BOM-L1TR, Omega Wave Inc., Japan) was used to monitor tissue oxygenation. This instrument uses three wavelengths (780, 810 and 830 nm), with the absorption characteristics generally dependent on the relative OxyHb, and DeoxyHb. For these measurements, the distance between the incident point and the detection point requires a penetration of about 15 mm. The changes in absorption at the d i s c r e t e w a v e l e n g t h s a r e c o n v e r t e d i n t o concentration changes of OxyHb and DeoxyHb using a modified Lambert-Beer's law 30) in which a path-length factor is incorporated to correct for scattering of photons in the tissue. In this instrument, the path-length factor uses a fixed value of 4.0, as a direct measurement of the individual differential path-length factor is impossible using continuous wave spectrophotometers. The absorption coefficient of hemoglobin at each wavelength is based on the data reported by Matcher et al. 31) .
The NIRS probe was placed over the finger flexor muscle and protected by adhesive tape with a rubber sheet. The NIRS data were downloaded into a personal computer at a sampling frequency of 10 Hz via an analog-to-digital converter system (MacLab8s, AD Instrument Inc., Australia).
The subjects were seated 10 minutes before the test. The right hand rested on a handgrip dynamometer with the upper arm at heart level. The arm was supported at the wrist and above the elbow so that there was no contact between the forearm and the dynamometer, and the circulation in the forearm was completely unrestricted. The subjects performed 3-min rhythmic handgrip exercises (one contraction every three seconds). The tests on each subject were performed at 10% and 30% of the maximum, in random order. In the CRF group, the HG exercise was performed while breathing compressed air, for which the flows of oxygen administration were decided on a resting value.
A rating of perceived exertion (RPE) on forearm fatigue was obtained at the end of the exercise.
To measure the semiquantitative values of forearm blood flow and oxygen utilization, a pneumatic cuff (E20 Rapid cuff inflator, Hokanson Inc., USA) was placed around the arm, above the elbow. After measurement for 90 sec, the cuff was inflated to a pressure of 50 mmHg to invoke venous occlusion, and maintained at this inflation for 30 seconds. After 30 seconds of venous occlusion, the cuff was inflated to a pressure of 240 mmHg for 30 seconds to invoke arterial occlusion; measurements were then stopped. An air source device (AG-101 cuff inflator air source, Hokanson Inc., USA) was used for inflation and deflation during the occlusion maneuver.
Muscle oxygen utilization (VO 2NIRS ) was calculated from the rate of decrease in Hbdiff (difference OxyHb and DeoxyHb) during arterial occlusion, and the forearm blood flow (FBF NIRS ) was calculated from the rate of increase in totalHb during venous occlusion (Fig. 1) .
Subjects were equipped with a mercury straingauge on the forearm, and the volume changes were measured by strain gauge plethysmograph (SGP) (EC-5R plethysmograph, Hokanson Inc., USA). Gauge signals were recorded through a MacLab8s on a personal computer.
Values are shown as mean ± SEM. One-way analysis of variance was used to determine the differences among values for the three groups. A Tukey-Kramer test was applied as a post hoc procedure. Unpaired t tests were used to determine the differences of SpO 2 between the older group and the CRF group. RPE values were compared using the Mann-Whitney U test. The statistical analyses were performed using SPSS13.0J software (SPSS Inc., USA) and the level of statistical significance for all of the tests was set at p<0.05.
RESULTS
The group mean values for the handgrip force were 25.0 ± 1.3 kg, 34.7 ± 2.4 kg and 45.9 ± 1.1 kg for the CRF, healthy older and younger groups, respectively. The handgrip strength showed a significantly lower level in the CRF group compared with both the other groups (p<0.001 respectively).
No arterial oxygen desaturation (i.e., fell to <90%) appeared in the older and CRF groups during either resting or exercising, and there was no significant difference between the two groups ( Table 2) .
The group mean values for the RPE scores were 2.7 ± 1.0, 0.1 ± 0.1 in 10%HG exercise, 3.5 ± 0.3, 2.2 ± 0.3 in 30%HG exercise for the CRF and healthy older groups, respectively. The RPE score for forearm fatigue were significantly different in the 10%HG exercise (p<0.001), and the 30%HG exercise (p<0.01). Table 3 shows the cardiovascular responses under the three different exercise conditions during venous and arterial occlusion. In the CRF group, there were no significant differences in MBP and %SV compared to the healthy older and younger groups, but there were significant differences in HR.
Following venous occlusion, there was a clear increase in OxyHb, DeoxyHb and totalHb signals. Under this conditions, the volume change measured by SGP increased. Abrupt decreases in Hbdiff and OxyHb, and increases in DeoxyHb with a small decrease in the totalHb appeared during arterial occlusion. However, no volume changes were observed by measuring SGP.
The FBF NIRS in the CRF group was significantly decreased compared to the older group during the 10% HG and the younger group in the 30%HG exercise ( Table 4 ).
The VO 2NIRS in the CRF group was significantly increased compared to the older and young groups in the 10% HG exercise (Table 4 ).
DISCUSSION
Understanding the mechanisms of local muscle metabolism at rest and during exercise depends on the ability to obtain reliable quantitative measurements of local muscle oxygen consumption and blood flow. The standard for measurement of oxygen consumption in the arm or leg is blood gas analysis for the determination of blood flow and arteriovenous oxygen difference. However, blood sampling is invasive and requires a high precision.
The widely used indirect measure of muscle blood flow is strain-gauge plethysmography 21, 32, 33) . However, with this method, it is impossible to measure absolute values (i.e., ml/min/100 g tissue) during moderate to strenuous exercise.
Since 1977, NIRS has been increasingly applied to the study of tissue oxygenation status in humans 34) . Using NIRS to monitor tissue oxygenation, researchers have found a new tool for monitoring the metabolic rate of skeletal muscle. Commonly derived parameters in NIRS studies involving humans are OxyHb, DeoxyHb, totalHb (the sum of OxyHb and DeoxyHb) and tissue oxygen saturation (the ratio of OxyHb to total Hb). The total hemoglobin change is not the blood flow but the blood volume 35) . Tissue oxygenation is defined as the rate of oxygen consumption by the muscles, versus the oxygen delivery to the muscles. NIRS measures the balance of uptake and delivery of oxygen to the tissues 36) . However, the most widely u s e d d e v i c e , w h i c h i s c o n t i n u o u s w a v e spectroscopy, does not allow quantitative measures of absolute concentration. R e c e n t l y , u s i n g a s im p l e p h y s i o l o g i c a l intervention, it is possible to obtain a quantitative value for muscle oxygen consumption and blood flow. NIRS blood flow can be calculated from the rate of increase in total Hb during venous occlusion 21, 23, 25) . The reducibility of forearm blood flow during rest using the venous occlusion method has proved to be reliable within test sessions, although the mean values of the within-subject variability varied by between 10 and 29% 21, 23, 24) . NIRS blood flows for resting and post-exercise s h o w g o o d a g r e e m e n t w i t h s t r a i n -g a u g e plethysmography 21, 32) , although flow measured by plethysmography is generally two to three times higher than the NIRS flow 21, 24) . On the other hand, VO 2NIRS using arterial occlusion can be calculated from the rate of decrease in OxyHb [37] [38] [39] [40] or from the rate of decrease in Hbdiff, reflecting the difference between oxyand deoxyhaemoglobin (Hbdiff) 2 0, 22 -2 4, 37 ) . VO 2NIRS during rest proved to be reproducible within one test session 2 3 ) and between test sessions 41) . Furthermore, the accuracy of VO 2NIRS measurements at rest has been addressed in an earlier study 19) by our group which compared VO 2NIRS with muscle oxygen consumption values obtained from the well-established Fick method 24) .
The known limitations of the NIRS methodology include inter-individual differences in the forearm fat /muscle ratio and inter-individual differences in pathlength. There are no published values for the differential pathlength factor for forearms of patients with respiratory insufficiency. Thus, in the current study, both the forearm blood flow and the VO 2NIRS values are expressed in terms of relative changes for each of the occlusive methods.
There is good evidence for respiratory muscle dysfunction, both at rest and during exercise, in patients with chronic respiratory disease. In recent years, it has become clear that limb muscle function is frequently abnormal in patients with chronic respiratory disease. A number of studies have reported impaired limb muscle strength in COPD patients 8, 42) . This involves both the upper-and lower-limb muscle groups. In addition, significant correlations have been found between limb muscle strength and exercise performance in COPD patients 42) . In the present study, handgrip strength was significantly lower in patients with CRF compared with both the other groups (p<0.001 respectively). This suggests that there is impaired muscle function in the CRF group.
Studies using MRS have documented abnormal limb muscle function, including premature intracellular acidosis, during exercise in patients with COPD, compared with normal subjects [43] [44] [45] . Studies of limb muscle biopsy samples have also shown abnormalities in COPD. An inverse relationship between oxidative enzyme activities and lactic acidosis in COPD patients has also been shown. In addition, there was also evidence of muscle fiber type alterations in COPD patients who showed decrease in the proportion of fatigueresistant slow fibers 46) . As previously indicated, some patients with COPD have a higher than normal mixed venous partial pressure of oxygen during exercise. Although this might be caused by a defective uptake of oxygen by the working muscles, it might also be caused by increased blood flow through non-exercising, less metabolicallyactive tissues.
Muscle dysfunction in patients with respiratory disease has often been discussed using muscle biopsy [4] [5] [6] [7] , MRS 8, 9) and blood sampling [10] [11] [12] [13] . However, few studies have reported a change in blood flow during exercise. Femoral venous blood flow measurements by thermodilution at a given submaximal whole-body oxygen uptake are a normal procedure in patients with moderate to severe airflow limitation 10) . This suggests that the regional oxygen-supply response in patients with COPD, as in healthy subjects, is proportional to the energy requirements of the exercising muscle. However, to our knowledge, there are few reports which have measured forearm blood flow in COPD patients or more severe pulmonary patients.
Blood flow, which plays an important role in oxygen transport, changes depending on the metabolic demand of the active muscle. It is d e c i d e d b y b a l a n c i n g b e t w e e n s y m p a t r i c vasoconstrictor and vasodilator activation with metabolic product and blood flow dependence. B l o o d f l o w a l s o d e p e n d s o n m e c h a n i c a l compression of the blood vessel by muscle contraction 47) , and the blood flow required by active muscles is remarkably different in the contraction phase compared to the relaxed one 48) . It becomes greatest during 25-45%MVC rhythmic handgrip exercise, and at greater intensities, no blood flow increases are seen 49) .
In the present study, the CRF group had a significantly lower change in FBF NIRS level than the older group at 10%HG and the younger one at 30% HG (p<0.05, respectively). It could be concluded that there was muscle dysfunction due to an oxygen supply response during the lower intensity exercise in patients with respiratory failure.
Active muscles in healthy humans are more effective at removing oxygen from the blood, while an imposed limitation in oxygen delivery can increase oxygen extraction 50) . Furthermore, our data show that oxygen utilization, as shown by the faster Hbdiff, decreased during arterial occlusion and, was significantly increased in the CRF group compared to both groups dureing 10%HG exercise (p<0.05).
As the delivery of oxygen to the muscle is reduced, two major mechanisms contribute to its ability to augment oxygen extraction. The first is related to the fact that the tissue partial pressure of oxygen decreases as the oxygen supply-to-demand ratio is reduced. A decrease in perivascular oxygen tension tends to augment the diffusive gradient for unloading oxygen, even in the absence of any microvascular adjustments to the distribution of blood flow. The second mechanism tends to augment oxygen extraction, and involves microvascular adjustments to the distribution of capillary blood flow and oxygen transport. An ability to limit oxygen delivery to capillaries with minimal oxygen demand tends to increase the efficiency of microvascular oxygen transport, while augmenting blood flow in the capillaries supplying the metabolically active regions. This is manifested by an ability to achieve a greater oxygen extraction ratio at the point where oxygen consumption begins to decrease.
In conclusion, the patients with chronic respiratory failure desaturated their muscles more than normal control subjects at a lower work level, indicating an insufficiency in the blood flow to the exercising muscles. This mismatch between oxygen delivery and utilization might function as a compensatory mechanism for impaired muscle in these patients.
